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Continuous hydrothermal ﬂow synthesis (CHFS) has been used as a rapid and clean, synthetic method to
produce a range of crystalline nanoparticles in the Ti–Zn–O binary system. The nanopowders were
prepared from aqueous solutions of titanium(IV) bis(ammonium lactato)dihydroxide (TIBALD) and
hydrated zinc nitrate, respectively, using a CHFS reactor which uses superheated water (at 400 C and
24.1 MPa) as a reagent and crystallizing medium. The resulting nanopowders were heat-treated at
850 C for ﬁve hours in air to give photoactive semiconductor mixtures of rutile and zinc oxide and/or
zinc titanates. The as-prepared powders and their corresponding heat-treated mixed phase
photocatalysts were characterized using powder X-ray synchrotron diﬀraction, transmission electron
microscopy, BET surface area measurement, X-ray photoelectron spectroscopy and UV-Vis
spectrophotometry. Because of the interest for these materials in UVA and UVB attenuating materials,
the UV-Vis proﬁles of the nanocomposites and solid solutions were studied. Photocatalytic activity of the
samples towards the decolourisation of methylene blue dye was also assessed.1. Introduction
A wide range of interesting optoelectronic properties such as
good optical transparency and strong UV absorption have been
exhibited by zinc oxide (ZnO) and titanium dioxide (TiO2) mate-
rials. These materials have also attracted interest as either homo
or heterometallic systems for use in a broad range of applications
including photocatalysis1,2 and UV-attenuating cosmetic
sunscreens.3,4 Both metal oxides are intrinsic wide bandgap
semiconductors with an absorption band in the UV region.5 TiO2
(anatase structure) with a bandgap of 3.2 eV6 tends to have higher
photocatalytic activity for certain reactions,7 whereas ZnO with a
bandgap of 3.4 eV6 tends to have a higher UVA absorption. Pure
forms of ZnO or TiO2 are generally limited as photocatalysts due
to fast recombination rate of photogenerated electron–hole pairs.
Combining the high UVA absorption ability of ZnO with the high
photoactivity of titania, whilst enhancing charge separation ande London, 20 Gordon St, London, WC1H
uth Bank University, London SE1 0AA, UK
Orpington, Kent, BR5 3TT, UK
ering, UCL Eastman Dental Institute, 256
l Science, Dankook University, San#29,
gnam, 330-714, South Korea
(ESI) available: Powder XRD spectra,
XPS spectra, UV-Vis absorption spectra
le for selected sample 8. See DOI:
hemistry 2014suppressing the recombination of photogenerated charge
carriers has been the focus of considerable research eﬀorts.2,9–11
In particular, the intimatemixtures in the Ti–Zn–O binary system
would be expected to give rise to broader UV absorption in
comparison to pure ZnO and TiO2 materials alone.12 Consider-
able interest in this eld has also focused on zinc titanate phases
or their mixtures such as zinc orthotitanate, ZOT, (Zn2TiO4), zinc
metatitanate, ZMT, (ZnTiO3) and Zn2Ti3O8, which has been
reported as the low temperature form of ZMT. Such materials
have found uses such as sorbants for removing sulphur,13 as
catalysts, as pigments, as microwave dielectrics, as electro-
ceramics and as photoluminescent materials.14 They are also of
interest as low temperature co-red ceramic (LTCC) materials, as
a sintering temperature of below 1150 C can oen be achieved.15
Zinc titanates are normally made via solid state processes with
appropriate mixtures of ZnO and TiO2. For example, Zn2TiO4 can
be made via heat-treatment of a 2 : 1 molar mixture of ZnO and
TiO2 at temperatures in the range 800–1100 C.15
The method of synthesis for mixed phase ceramic compos-
ites greatly aﬀects particle characteristics including shape,
size, intimacy of mixing and surface area and hence their
bulk optical and other properties. A range of methods and
structures have been investigated in the Ti–Zn–O binary system
including zinc titanates,14,16,17 Ti–Zn–O thin lms,18 composite
layers of TiO2 and ZnO,19 and coupled semiconductors parti-
cles.11 Conventional materials synthesis methods include
CVD,20 sol–gel techniques,19 solid state techniques,17magnetron
sputtering,21 thermal oxidation,22 thermal treatment of homo-
metallic powders23 and liquid phase routes.24RSC Adv., 2014, 4, 31799–31809 | 31799
Fig. 1 Schematic representation of the three-pump continuous
hydrothermal ﬂow synthesis system that was used to prepare nano-
particles. Key: P¼ pump, H¼ heater, R¼ counter currentmixer, BPR¼
back-pressure regulator T ¼ ‘T’ piece mixer.
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View Article OnlineMany of the abovementioned synthetic procedures have
drawbacks for example, due to multiple heating and grinding
steps, solid state methods17 can be energy and time intensive
and do not directly oﬀer well dened nanoparticle sizes. Batch
hydrothermal methods are prone to batch to batch variations
and do not oﬀer similar product quality when scaled-up;
magnetron sputtering methods21 are diﬃcult to scale-up and
can only be carried out on small substrate samples rather than
for powders. Sol–gel techniques19 oen require careful control
over the reaction conditions, require special and costly precur-
sors and use non-green solvents. Therefore, more eﬃcient and
controllable synthesis methods for nanomaterials production
methods are of interest.
In contrast to more conventional nanomaterials syntheses,
the use of continuous hydrothermal ow synthesis (CHFS)
reactors represents a single step and controllable route for the
rapid synthesis of nanoparticles and nano co-precipitates,
giving materials with well-dened and desirable particle prop-
erties (such as small size, high surface area, size-dependent
bandgap, high crystallinity, etc.) for a wide range of applica-
tions.25–32 The typical CHFS process involves mixing a ow of
superheated water (typically at #450 C and 24.1 MPa) with an
aqueous solution of metal ions (at room temperature), resulting
in rapid hydrolysis and dehydration to give nanoparticles.
Continuous hydrothermal reactions represent a very small
(probably <1%) of the hydrothermal materials synthesis litera-
ture (the majority being batch reactions). Unlike batch hydro-
thermal reactions, where the nucleation of growth processes
occur over several hours or days, in CHFS, the nucleation and
growth processes due to the mixing in ow are in the order of
seconds or fractions of a second, and indeed, the time from
precursor to recovered nanoparticle (at the exit of the process) is
in the order of a couple of minutes typically. Moreover, the
reaction temperature when the two ows are mixed is typically
in the range of 300–380 C,33,34 compared to typically less than
250 C for batch hydrothermal processes. CHFS processes are
also readily scalable with little or no eﬀect on particle proper-
ties33,34 and can also be used for combinatorial materials
production,35which is very diﬀerent to more conventional batch
hydrothermal processes.
CHFS has been previously used for the synthesis of homo-
metallic zinc oxide36,37 and titania30,38,39 nanoparticles. In addi-
tion, Ti–Zn–O composite mixtures have been also made using
two reactors in series for sequential precipitation of TiO2 on
ZnO and vice versa.40 CHFS has also been used to produce
intimately mixed precursor co-precipitates which can be heat-
treated in single step to form ‘hard to make’ heterometallic
oxides.29 Such materials may normally require multiple steps
and involve prolonged synthesis using conventional methods.
CHFS has also been used to directly make solid solutions in Zn–
Ce oxide binary system, showing unprecedented solubility of Zn
in CeO2 phase.41 It is reported that the formation of metal
oxides in supercritical water proceeds via hydrolysis of the
metal salts (MLx) followed by the formation of hydroxides
according to the following chemical reactions:
Hydrolysis: MLx + xH2O/ M(OH)x + xHL31800 | RSC Adv., 2014, 4, 31799–31809Dehydration: M(OH)x/ MOx/2 + x/2H2O
Herein, we report the synthesis of diﬀerent phase mixtures
directly from Ti4+ and Zn2+ salts using a CHFS system, and their
optical and photocatalytic properties. CHFS provides a novel
route to solid solutions or intimate mixtures of nano-titania and
zinc oxide. The products were investigated using powder X-ray
diﬀraction (XRD), X-ray photoelectron spectroscopy (XPS),
transmission electron microscopy (TEM) and Brunauer–
Emmett–Teller (BET) surface area measurements (N2 adsorp-
tion). The optical properties of the powders were analysed using
photoluminescence measurements and UV-Vis spectropho-
tometry. Finally, photocatalytic testing was performed in order
to assess the decolourisation of methylene blue.2. Experimental section
2.1 Chemicals and materials
Titanium(IV) bis(ammonium lactato)dihydroxide solution
[CH3CH(O)CO2NH4]2Ti(OH)2, 50 wt% in water (TiBALD) and
zinc nitrate hexahydrate [Zn(NO3)2$6H2O, technical grade,
>98%] were obtained from Sigma-Aldrich Chemical Company
(Dorset, UK). Methylene blue (>96%) (MB) was obtained from
Fisher (Loughborough, UK) and potassium hydroxide (KOH,
analytical grade) was obtained from Merck, (Frankfurt, Ger-
many). All experiments were conducted using deionised water
(>10 MU).2.2 Synthesis
All samples were made using a CHFS reactor (Fig. 1), the basic
design of which has been reported elsewhere.25,28–30 Briey, it
consists of three Gilson model 305 HPLC pumps including a
H2O pump, P1, a metal salt solution pump, P2, and a baseThis journal is © The Royal Society of Chemistry 2014
Fig. 2 (a) TEM image of sample 1 (bar ¼ 50 nm), (b) HR-TEM image of
sample 1 (bar ¼ 10 nm), (c) HR-TEM sample of sample 8 inset SAED
pattern (bar ¼ 10 nm), (d) TEM image of sample 13 (bar ¼ 50 nm), (e)
HR-TEM image of sample 13 (bar ¼ 10 nm).
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View Article Onlinesolution pump, P3, an in-house built 2.5 kW electrically pow-
ered water preheater (“H” in Fig. 1), a counter-current mixing
point (“R” in Fig. 1), an external long vertical water cooled pipe
(“Cooler” in Fig. 1) and a back pressure regulator (“BPR” in
Fig. 1, Tescommodel 26-1762-24) tted at the system outlet. The
reactor, tubing and the ttings were all made of 1/8 in. 316
stainless steel (Swagelok) ttings and tubing, except the
counter-current mixing point (“R” in Fig. 1) and 2.5 kW elec-
trically powered water preheater, which were built from 1/4 in.
ttings. Flow rates of 20, 10 and 10 mL min1 were used for the
superheated water feed, the mixed ion feed and the base feed,
respectively. H2O was pumped through the electrical preheating
coil (2.5 kW) and heated to 400 C.
In a typical experiment, each pre-made aqueous solution of
TiBALD and zinc nitrate (with a total metal ion concentration of
0.2 M) was pumped to meet an aqueous ow of KOH base
solution (0.2 M, also at room temperature) at a ‘T’ piece (Fig. 1).
This mixture was then brought into contact with the ow of
superheated water (at 400 C and 24.1 MPa) inside an in-house
built counter-current mixer (‘R’ in Fig. 1), whereupon the
nanoparticles were produced in a continuous manner. The
aqueous nanoparticle slurry was cooled in-line via an externalTable 1 The ratio of Ti4+ : Zn2+ in the precursor feed and the EDS atom
Sample
Desired ratio
Ti : Zn
Used precurs
ratio Ti : Zn
1 100 : 0 100 : 0
2 90 : 10 90 : 10
3 80 : 20 80 : 20
4 75 : 25 75 : 25
5 70 : 30 70 : 30
6 60 : 40 60 : 40
7 50 : 50 50 : 50
8 40 : 60 40 : 60
9 30 : 70b 25 : 75
10 25 : 75b 20 : 80
11 20 : 80b 15 : 85
12 10 : 90b 5 : 95
13 0 : 100 0 : 100
a With respect to the total metal ion content. b Samples made with and e
This journal is © The Royal Society of Chemistry 2014long vertical water cooled pipe (“Cooler” in Fig. 1) and then
continuously collected at the exit of the BPR (see Fig. 1).
Nanoparticle slurries collected from the exit of the back-pres-
sure regulator were cleaned up via centrifugation (Model Sigma
4k-15) at 5100 rpm for 20 min. The supernatant was removed
(ca. 40 mL) and replaced with 40 mL of clean deionised water.
The solids were then redispersed in water using a vortex mixer
(VWR model VM-3000, Leicestershire, UK) on its maximum
setting for 2 min and were further ultrasonicated for 5 min (30
W ultrasonic bath VWR USC100T). Each tube was further
centrifuged at 5100 rpm for 30 min. This cleaning procedure
was repeated twice with a nal removal of 40 mL of liquid. The
wet concentrated solids were freeze-dried for 22 h at 1.3  107
MPa. Based on the mass of dry powder, the yield was calculated
to be in the range 82 to 92% for all the samples.
The precursor solutions were prepared to produce a desired
Ti : Zn atomic ratios from 100 : 0 increasing in increments of 10
up to 0 : 100 (Table 1). Two additional samples were synthesised
with atomic ratios of 75 : 25 and 25 : 75. Initial experiments
suggested that the high Zn content samples oen were highly
decient in the expected Zn content. Thus, samples from 30 : 70
to 10 : 90 Ti : Zn were synthesised with an excess of Zn2+ ions (5
mol%) in order to obtain the target Zn contents. Therefore, a
nominal solution ratio of 25 : 75 for Ti : Zn was used to make
the sample with a target nal ratio of 30 : 70 in the nanopowder
and 5 : 95 was used to make Ti : Zn target ratio of 10 : 90 in the
product. Selected samples were also heat-treated at 850 C for 5
h in air (ramp rates for heating and cooling were 10 Cmin1) to
investigate the formation of zinc titanates. These samples are
identied with the letter “a” (e.g. 8a is the heat-treated sample 8
with nominal ratios of 40 : 60 Ti : Zn as shown in Table 1).
2.3 Equipment and techniques
Freeze-drying was performed on all samples using a Virtis
Genesis 35XL freeze dryer. The wet slurries were frozen in liquid
nitrogen and then freeze-dried for ca. 22 h at 1.3  107 MPa.
The samples were then heat-treated at 850 C for 5 h in air using
a Carbolite CWF1300 furnace (using a heating and cooling rateic percent results
or
EDX Tia (at %) XPS Tia (at %)
100.0 100
89.3 89.9
77.0 79.3
75.2 —
68.7 72.9
59.1 58.7
48.4 49.1
37.2 40.5
29.9 29.9
25.6 —
21.0 19.97
9.3 10.67
0.0 0
xcess ca. 5 at% of Zn2+ ions in the precursor feed.
RSC Adv., 2014, 4, 31799–31809 | 31801
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View Article Onlineof 10 C min1). Synchrotron XRD patterns were taken on the
Diamond I11 beamline, as previously described by the authors
(l ¼ 0.8269 A˚).42 Continuous scans were collected over the 2q
range 0–150 and the diﬀraction patterns are shown over a 2q
range of 10–45. A Bru¨ker D8 Advance diﬀractometer with a Ni
ltered Cu–K radiation (l ¼ 1.54) A˚ and a Lynx Eye detector was
used for an in situ (XRD) study of the phase behaviour of sample
‘8’ (40 : 60 for Ti : Zn) with temperature. An Anton Paar HTK16
heating stage with an Anton Paar TCU 2000 control unit was
used, integrated with the Bru¨ker control soware. The as-
precipitated nanopowder was placed on a platinum heater
stage. Heating temperature was observed using an R-type ther-
mocouple welded to the bottom of the platinum heater strip
(temperature accuracy 1 K). Aer sealing, the platinum heater
enclosure was purged with air at a 2 mL min1 ow rate. The
sample was heated at 10 C min1 up to 1200 C. Data was
collected over 2q ranges of 23–40 and with a step size of 0.02
and a count time of 0.1 s. Thermal gravimetric analysis was
carried out in order to study thermal behaviour of sample 8
(40 : 60 for Ti : Zn) under heating using a Setaram combined
TG-DTA in the range 20 to 1150 C at a heating rate of 10 C
min1 in air.
Particle size and morphology of selected as-prepared nano-
powders were investigated using a HR-TEMmodel JEOL 4000EX
high resolution transmission electron microscope at Oxford
University (400 kV accelerating voltage). Samples were collected
on carbon-coated copper grids (Holey Carbon Film, 300 mesh
Cu, Agar Scientic, Essex, UK) aer being briey dispersed
ultrasonically (Kerry™ Ultrasonic bath, Skipton, UK) in ethanol
for 3 minutes. In addition, selected area diﬀraction patterns
(SADP) were recorded in order to conrm the crystallinity of the
powders. Particle size analysis was performed using Digital
Micrograph™ (Gatan) particle size analysis soware. Brunauer–
Emmett–Teller (BET) surface area measurements were per-
formed on a six station Micromeritics ASAP 2420 analyser (N2
absorption). The powders were degassed at 200 C in N2 (purge
gas supplied by BOC, UK) for 5 h, prior to BET analyses. These
parameters were chosen as the degassing conditions aer a
time temperature assay for the CHFS as-prepared TiO2 and ZnO
nanopowders. The UV-Vis absorption spectra of the photo-
catalyst powders were measured using the diﬀuse reectance
method on a Perkin Elmer Lambda 950 instrument with an
integrating sphere (Spectralon™ was used as a reference
material). Additionally, the band-gaps were calculated using the
Kubelka–Munk function (eqn (1)) via conversion of the reec-
tance spectra (R) for indirect and direct transitions.43 Determi-
nation of bandgap values for pure TiO2 and ZnO samples
calculated using Kubelka–Munk function are shown in ESI
section Fig. S9.†
FKM ¼

1 R2
2R
(1)
An Oxford Instruments Inca 400 calibrated EDX detector
connected to a scanning electron microscope (JEOL 5410
LZSEM) was used to carry out the elemental analysis for all the
samples. An average of 10 area scans was used for each31802 | RSC Adv., 2014, 4, 31799–31809measurement. The SEM was operated at 25 kV and all samples
were carbon coated prior to measurement. X-ray photoelectron
spectroscopy (XPS) experiments were performed on selected
samples using a Kratos Axis Ultra-DLD photoelectron spec-
trometer using monochromatic Al-Ka radiation (photon energy
1486.6 eV, 150 W power). Survey scans were performed at pass
energy (PE) of 160 eV, whilst detailed scans were performed at
PE 40 eV. All data were analyzed using CasaXPS™ soware
(Version 2.3.14). Spectra were acquired using the Kratos
immersion lens charge neutralisation system, and all spectra
were subsequently calibrated to the C(1s) signal, which was
assigned a value of 284.7 eV, and attributable to adventitious
carbon. Curve ts were performed using a Shirley background
and a Gaussian peak shape with 30% Lorentzian character.2.4 Photocatalytic tests
A parallel photocatalytic reactor system was used, which is
similar to the one described elsewhere by the authors.44 It
consisted of nine 50 mL glass beakers (Duran). The light source
was a fan-cooled 400 W high-pressure Hg discharge lamp
(400HPLR, Philips, RS Components). As reported previously,44
the main light emissions measured using an Ocean Optics
USB4000 spectrophotometer (Duiven, Netherlands) are at 365,
405, 436, 546, and 577 nm. The UV and visible illumination
under the centre of a 4 mm thick frosted glass diﬀuser (Bow-
Mirrors, Bow, London) was found to be 2.7 mW cm2 (J-221 UV
meter, Ultra Violet Products, Cambridge, UK) and 82 klx
(HI97500 photometric light meter, Hanna Instruments, UK),
respectively, showing that a much greater proportion of the
output of the Hg discharge lamp is in the visible part of the
spectrum. UV-Vis absorption spectra of the MB solution were
recorded using an Ocean Optics USB 4000 spectrophotometer
with a DH-2000-BAL deuterium halogen light source and 6 mm
bre optic cables. The photocatalytic activity of the nano-
powders was evaluated by measuring the photo-decolourisation
of aqueous MB dye under illumination and access to air.
Adsorption coeﬃcients were also determined using Langmuir–
Hinshelwoodmodel (see ESI data, Tables S2 and S3†). The pH of
the methylene blue stock solution was measured as 6.8 using a
pH meter (Malvern MV114-SC SEN0106).
For a photocatalytic test,44 0.01 g of relevant photocatalyst
was suspended in standard MB solution (50 mL, 2.0  105 M)
in each of the nine reactors. The mixtures were stirred for 30
minutes with a magnetic stirrer in the absence of light in order
to allow the dye to reach an equilibrium adsorption on the
catalyst surface. The samples were then irradiated with light
and, at thirty minute intervals, the light was switched oﬀ and 5.0
mL aliquots were temporarily removed from each bulk
suspension. These samples were briey centrifuged (5 min at
5100 rpm), then the remaining dye was analysed via UV-Vis
spectrophotometry by measuring the absorbance intensity at
664 nm. The quantitative determination of unreacted dye was
calculated using a calibrated correlation between the measured
absorbance and its concentration. In all experiments aer the
nal measurement, the decoloured methylene blue was kept for
24 h in air in the dark to check that the dye had been degradedThis journal is © The Royal Society of Chemistry 2014
Fig. 3 Synchrotron XRD diﬀraction patterns of TiO2 : ZnO nano-
coprecipitates (B-anatase peaks,C-ZnO peaks).
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View Article Onlineand not simply reduced to the leuco form.45 Methylene blue
(MB) exhibit blue colour when it is in an oxidizing environment,
but upon exposure to a reducing agent it goes colourless (leuco
methylene blue). The direct degradation of methylene blue was
measured as a control and the rst order rate constant was
calculated to be 4.1  105 s1 which was an order of magni-
tude smaller than the least active sample.
3. Results and discussion
3.1 Nano Ti–Zn–O mixtures
In this work, Ti–Zn–O mixtures were synthesised in a contin-
uous hydrothermal system which facilitated the rapid synthesis
of nanoparticles from a 0.2 M (total concentration) pre-mixed
aqueous solution of TiBALD and zinc nitrate under alkaline
conditions. The concentration of the base (KOH) was set at 0.2
M in all cases. The individual metal salt solutions were rst
prepared manually to produce a desired Ti4+ : Zn2+ atomic ratio
from 100 : 0 increasing in increments of 10 up to 0 : 100 (Table
1). All of the as-prepared Ti–Zn–O binary nanoparticle mixtures
were in the form of white coloured or oﬀ-white aqueous slurry.
In general, the higher the proportion of Ti4+ in the sample, the
longer this suspension was stable in water without sedimenta-
tion (>2 days). For samples containing more Zn2+, sedimenta-
tion occurred in as little as 30 min (e.g. 0 : 100). The samples
were labelled from 1 to 13 in order of increasing Zn content
where sample 1 was 100% TiO2 and sample 13 was 100% ZnO
(Table 1).
The nominal ratios of Ti4+ : Zn2+ in the precursors and the
EDX metal analyses results for all binary mixtures are also
summarized in Table 1. At high Ti4+ : Zn2+ ratios, the proportion
of Ti to Zn in the solid was similar to the precursor ratio of the
solution feed. At low Ti4+ : Zn2+ ratios, the sample had an excess
of Ti compared the theoretical ratio for the corresponding feed.
This could be due to the higher yield of pure TiO2 (ca. 92%)
compared with that of pure ZnO (ca. 82%) when made under
similar conditions in the CHFS reactor. For the low Ti : Zn
ratios, samples 9–12 were made with an excess of zinc to achieve
the desired ratio in the solid sample as described in the
Experimental section (see Table 1). The diﬀerences in the
results obtained by XPS and EDX are largely due to the errors in
each measurement and also because XPS is not able to pene-
trate into the materials which EDX is more representative of the
bulk.
Fig. 2 shows the TEM and HR-TEM images for sample 1
(TiO2), sample 8 (nominal Ti
4+ : Zn2+ ratio of 40 : 60) and
sample 13 (ZnO). Sample 1 (Fig. 2a and b) is characteristic of
CHFS titania with an average crystallite size of 4.9 1.2 nm (255
particles sampled) and an anatase (101) lattice spacing of 0.356
nm, which is in agreement with the literature value.46 By
contrast, the pure zinc oxide sample 13 (Fig. 2d and e) revealed
particles with mean size of 66  17 nm (150 particles sampled)
and a polygonal morphology with the characteristic zinc oxide
(0002) lattice spacing. As for sample 8, two distinct lattice
spacings were observed, 0.36 and 0.26 nm that are thought to
correspond to the (101) anatase spacing and the (0002) wurtzite
lattice spacing, respectively (Fig. 2c).47 The selected areaThis journal is © The Royal Society of Chemistry 2014electron diﬀraction pattern (inset Fig. 2c) suggests that sample
8 is a polycrystalline, intimate mixture of anatase and zinc
oxide. In sample 8, the mean ZnO particle size from the areas of
characteristic ZnO (0001) spacing is 22.6 8.2 nm (100 particles
sampled). This suggests that TiO2 may be acting as a nucleating
site for the ZnO particles during co-precipitation, which would
lead to a reduction in the particle size of ZnO particles
compared to those precipitated in the absence of any Ti4+
precursor.
Fig. 3 shows the high resolution PRXD data for all the freeze-
dried and as-prepared samples collected at the synchrotron
(except for sample 5 and sample 10, the XRD of which were
collected using a standard PXRD laboratory equipment, see ESI
section†). Notably, the data collected at the synchrotron (XRD
wavelength was 0.826017 A˚) appear at diﬀerent 2q values
compared to PXRD data collected on a standard equipment as
expected (due to the diﬀerent incident wavelength used).
Samples with high Ti : Zn ratios (from samples 1 to 6) were
identied as having an anatase structure (JCPDS 21-1272) and
samples with a lower Ti : Zn ratio (from sample 7 to 13) were
indexed to the hexagonal closed packed wurtzite structure
(JCPDS 36-1451).
Peaks corresponding to ZnO were rst clearly identied in
the mixture for sample 7 (nominally with 50 mol% Zn).
Consequently with increasing Zn content, the anatase peaks
became progressively weaker whilst the wurtzite peaks become
relatively more intense. Samples 4, 5 and 6 have broader anatase
peaks than samples with higher Ti content, indicating that they
are less crystalline or have smaller crystallites. The former is
possibly due to Zn atoms doping into the anatase structure
leading to a more amorphous structure. All the samples have
some anatase peaks (indicating ca. 2q¼ 25.6) except sample 13
which was pure ZnO. The presence of anatase was conrmed
using Raman spectroscopy (see ESI data†) since anatase is a
good Raman scatterer and this analytical technique exhibits
higher anatase phase sensitivity in comparison to XRD. Zn2+ has
a limited solubility in TiO2 48,49 and due to the atomic size
mismatch, only a small amount of Zn2+ ions can normallyRSC Adv., 2014, 4, 31799–31809 | 31803
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View Article Onlinesubstitute onto the Ti lattice and therefore zinc ions tend to
locate at discontinuities in TiO2.59
In the literature, XRD peaks corresponding to ZnO have been
observed in zinc doped titania between 10 and 20 mol% of
dopant.50,51 Herein, samples 1–4 containing up to 25 mol% Zn
(with respect to Ti) showed no evidence of a separate ZnO phase
in the diﬀraction pattern. The rapid crystallisation of CHFS has
been found to extend the boundaries of solid solutions, and
could also have extended the amount of Zn2+ in titania which
would explain the broad peaks seen in the XRD for samples 4–6,
which contains zinc in the titania lattice.
Fig. 4 shows the BET specic surface area (SSA) of the all the
as-prepared samples are in the range 290 m2 g1 (for sample 1,
i.e. pure TiO2) to ca. 30 m
2 g1 (for sample 13, i.e. pure ZnO). In
general, for Ti–Zn oxide binary system (samples 1–13) a
decrease of SSA with increasing zinc content is observed. The
SSA remains high (270–299 m2 g1) for samples 2–6 (ca. 10–40%
Zn). For sample 7 (50 : 50) there is a marked reduction in the
SSA to ca. 210 m2 g1 which coincided with the rst appearance
of crystalline ZnO peaks in the corresponding XRD pattern
(Fig. 3). This is expected, given that the size of ZnO particles (ca.
66 nm) synthesised in the CHFS system is larger than that of
pure TiO2 (ca. 4.9 nm). This suggests that the formation of
larger ZnO particles resulted in the overall decrease in surface
area. The surface area decreases from ca. 134 m2 g1 to 30 m2
g1 between samples 12 (10 : 90) and 13 (0 : 100) which is
attributed to an increase in the size of ZnO when synthesised in
the absence of titanium ions. The BET surface area did not
appear to correspond to the peak broadening observed in the
XRD patterns and specically the broad peaks observed in
samples 4, 5 and 6. There is no increase in BET surface area for
these samples that could correspond to a decrease in the
particle size. This supported that the peak broadening in the
XRD data for samples 4–7 may be due to a decrease in crystal-
linity because of lattice strain induced by doping of Zn2+ ions
into the titania lattice.
X-ray photoelectron spectroscopy (XPS) experiments were
performed to investigate the concentration of the titanium andFig. 4 The BET surface area (squares) of samples 1–13 with zinc
content (samples degassed for 5 hours at 200 C) and the calculated
bandgaps (crosses) in eV.
31804 | RSC Adv., 2014, 4, 31799–31809zinc in the lattice, their oxidation state and the eﬀect on the
structure (Fig. 5). Generally, the survey spectra for all samples
exhibited strong peaks for titanium (with the exception of
sample 13), oxygen and zinc (except in sample 1). Very small
amounts of nitrogen were also found, the source of which we
attribute to nitrogen incorporation/doping from the precursor
itself.30,39 Photocatalytic activities of N-doped nano-titanias have
been previously studied and reported by authors.51 XPS of
sample 1 (nano-TiO2 powder) was examined in order to assess
the amount of Ti3+ versus Ti4+ ions.
The spectrum of the nano-TiO2 has a Ti 2p3/2 binding energy
of 458.6 eV, with a spin–orbit splitting of 5.7 eV (Fig. 5a), which
is in excellent agreement with the values reported for Ti4+ in
TiO2 (NIST database).52–54 The same sample also exhibited an O
1s peak at 529.9 eV (Fig. 5c), characteristic of the lattice oxide, a
high binding energy shoulder was also observed at 530.9 eV
which is ascribed to surface hydroxide groups.52,55 The ratio of
Ti : O(lattice) was found to be 1 : 1.9, thus, the XPS data together
with the XRD data, suggests that the nano-TiO2 material
synthesized using the CHFS system is close to stoichiometric
TiO2 anatase.30 XPS of sample 13 (pure nano-zinc oxide) has a Zn
2p3/2 binding energy of 1021.92 eV with a spin orbit coupling of
23 eV (Fig. 5b). The O1s peak for the ZnO samples was found to
split into three peaks; a low energy peak at 529.9 eV, an inter-
mediate energy peak at 531.5 eV, and a small high energy peak
at 532.6 eV (Fig. 5d). The low energy peak was attributed to O2
in the wurtzite lattice. The intermediate peak was attributed to
O2 in oxygen decient areas and the high energy peak was due
to chemi-adsorbed surface species such as hydroxyl groups.56,57
The peak due to oxygen deciencies has been reported in
literature to be higher in intensity than the (bulk) lattice oxygen
peak at the surface of ZnO.58 The ratio of Ti4+ : Zn2+ from XPS
was found to correspond well with the results obtained from
EDX analysis and are shown in Table 1. The EDX and XPS
atomic percentages of Ti, with respect to the total metal ion
content are all within 5% of each other. This suggests that
neither TiO2 nor ZnO segregate appreciably to the surface of theFig. 5 The XPS spectra showing the (a) Ti 2p region, sample, (b) Zn 2p
region of sample 13, (c) O1s region in sample 1, and (d) the O1s region
of sample 13.
This journal is © The Royal Society of Chemistry 2014
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View Article Onlineco-precipitates, and are intimately mixed throughout. The
position of the Ti 2p and Zn 2p peaks did not shi with varying
Ti : Zn ratio and no evidence of Ti3+ was found in any of the
samples, supporting the XRD evidence that no zinc titanate
phases were found in the as-prepared samples. The lattice O1s
peak (529.8  0.2 eV) did not shi with varying Ti : Zn ratio but
the shoulder at 530.9 eV in sample 1, grew and shied towards
531.5 eV (sample 13) with increasing zinc content. In titania, the
peak at 531 eV is due to chemi-absorbed oxygen species such as
hydroxyl groups. In ZnO, the peak at 531.4 eV is due to oxygen
ions in regions of the lattice that are oxygen decient such as
the surface. A small shoulder emerges in the high zinc samples
(samples 9–13) at 532.6 eV, which is thought to be due to species
such as hydroxyl groups at the surface of the ZnO.
The optical properties of Ti–Zn samples were analysed using
UV-Vis spectrophotometry and plots are shown in Fig. 6. The
UV-Vis absorption proles for the Ti–Zn–O binary mixtures
revealed two main shapes. Firstly, a ZnO type prole with a
steep absorption edge and a at absorption above and below the
bandgap (sample 13). Secondly, a TiO2 type prole is observed
where the bandgap transition is less steep and varies over a
much wider wavelength range (sample 1). Samples with high Ti
content (samples 2–6) were similar to the TiO2 UV-Vis absorp-
tion prole, whereas the samples with lower Ti ratios (samples
8–12) tended to have the ZnO like UV-Vis absorption prole.
Sample 7 (Ti : Zn 50 : 50) has some characteristics of both
proles. The optical badgaps (shown in Fig. 4) were determined
herein from the absorption edges and using the Kubelka–Munk
model for a direct and indirect transition for ZnO and TiO2,
respectively. The bandgap varied with the ratio of Ti : Zn
between 3.22 eV which is the value for anatase titania (indirect
transition), to 3.12 eV which is tending toward a bandgap of 400
nm for ZnO (direct transition). As samples 1–6 have an anataseFig. 6 The diﬀuse reﬂectance UV-Vis absorption proﬁles for as-
prepared Ti–Zn–O binary nanopowder samples (a) 1–7 and (b) 7–13.
This journal is © The Royal Society of Chemistry 2014type prole, an indirect transition was assumed for the deter-
mination of the bandgap. A direct transition was used for
samples 8–13 which display a ZnO type absorption prole. The
estimated bandgap of sample 7 was 3.18 eV with either a direct
((FKMhn)
2 vs. hn) or indirect transition ((FKMhn)
1/2 vs. hn)
assumed for the calculation. In each case, the plot had a distinct
linear region which indicated the absorption edge. The
bandgap energy increases (blue shi) from sample 1 (3.22 eV)
with decreasing Ti content to 3.25 eV for sample 6 (ca. 60 : 40).
There is a slight reduction in the bandgap to 3.18 eV between
samples 6 and 7 (ca. 50 : 50) and the bandgap then tended
towards the ZnO value of 3.12 eV with further decrease in Ti
content. This is thought to be due to an increase in the UVA
absorption corresponding to the transition to a majority ZnO
phase. The change between sample 6 and 7 could be due to a
shi in the primary phase (from XRD) from anatase to zinc
oxide.3.2 Solid state synthesis of zinc titanates
Ti–Zn oxides nanopowders prepared using continuous hydro-
thermal ow synthesis (CHFS) reactor were used as nano-
precursors for the solid state synthesis of zinc titanates. The
powders were heat-treated at 850 C for ve hours and were
further analysed using synchroton and powder VT-XRD and
STA. The letter “a” is added to indicate heat-treated sample.
Fig. 7 shows the synchrotron powder XRD patterns of the heat-
treated Ti–Zn samples. 1a (100 : 0 Ti : Zn) is entirely rutile phase
as expected. The anatase to rutile transition for CHFS syn-
thesised titania was found to start at 500 C and be complete at
900 C in samples heated for one hour and in STA analysis the
transition was found to start at 610 C.30 Samples 2a–6a (10–
40% Zn2+) were found to be a mixture of rutile and ZnTiO3 (zinc
metatitante). No Zn2Ti3O8 crystal phase was observed in the
diﬀraction pattern which agrees with the literature, where
samples were subject to heat-treatment at temperatures less
than 820 C to obtain Zn2Ti3O8. It is not found to form on
cooling from other phases.13,59 Sample 7a was found to be a
three phase mixture containing rutile, ZnTiO3 and zincFig. 7 Synchrotron X-ray diﬀraction patterns of 1a–13a (B rutile, &
ZnTiO3,A Zn2TiO4,C ZnO).
RSC Adv., 2014, 4, 31799–31809 | 31805
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View Article Onlineorthotitante, Zn2TiO4. It has been found that ZnTiO3 is diﬃcult
to make directly from 1 : 1 mixtures of ZnO and TiO2.16 The
phase mixture in sample could be due to initial formation of
rutile from the anatase and then formation of Zn2TiO4 and
ZnTiO3 from the remaining sample which would then have a
higher relative % of Zn. Sample 8a appeared (from the
synchrotron XRD pattern) to be pure Zn2TiO4. For samples 9a–
12a, a mixture of ZnO and Zn2TiO4 was seen. This is as expected
from the phase diagram.13,17 Sample 13a was pure ZnO. In the
as-prepared samples 1–13, anatase was present in all but
sample 13.
In the heat-treated samples, rutile is only present in samples
with#50% Zn, which is likely due to the formation of titanates.
At 850 C from the phase diagram proposed by Dulin and Rase,
at the higher Zn compositions (above sample 8a), no titania is
expected to form.17 It has been reported that ZnTiO3 only forms
in the presence of rutile, whereas Zn2TiO4 and Zn2Ti3O8 are
limited by anatase.59 In this work ZnTiO3, was made from an
anatase starting material, however the anatase to rutile phase
transformation is expected to start above ca. 600 C so it would
be expected that anatase may have transformed to rutile during
heating, allowing the subsequent formation of ZnTiO3. The
variable temperature XRD (VT-XRD) for the same sample is
shown in Fig. 8. The rst evidence of reaction between ZnO and
TiO2 nano-powders prepared separately and then mixed, is
reported to be at 430 C.57
The TG-DTA (thermal gravimetric analysis-diﬀerential
thermal analysis) of the sample (ESI†) had two crystallisation
peaks in the DTA at 453 C and 690 C as shown on the VT-XRD
(Fig. 8). The rst peak correlates well with the reported data for
the reaction between ZnO and TiO2 nanopowders. The second
peak at 690 C correlates with the VT-XRD where the onset of
crystalline Zn2TiO4 was seen. In the heat-treatment studies,
Zn2TiO4 was reported to form around 800 C. Most studies for
the synthesis of zinc titanates from ZnO and TiO2 powders doFig. 8 (a) VT-XRD contour pattern of sample 8 being heated from 25–
1100 C in air (b) ZnO and Zn2TiO4 peak positions samples 13a and 8a
(dashed lines are a guide to peak identities, horizontal lines indicate the
position heat ﬂow peaks in the STA plot).
31806 | RSC Adv., 2014, 4, 31799–31809not heat-treat them below this temperature.15 Yang and Swisher
achieved 5% zinc orthotitanate aer heating at 500 C for 48
hours.13 In zinc titanates made from sol–gel and heat-treatment
route, where the nano-ZnO and TiO2 mixtures reduce the
diﬀusion length, Zn2TiO4 was present above 400 C.60 This
correlates with the peaks observed herein for DTA and in the VT-
XRD.3.3 Photocatalytic activity
The as-prepared and heat-treated samples were evaluated as
photocatalysts for the decolourisation of MB. Fig. 9 shows the
rate of decolourisation of MB for the Ti–Zn–O binary mixtures
“as-prepared” (hatched bars) and aer heat-treatment (solid
bars). The tests were carried out using MB and the samples were
illuminated for up to a total of 6 h. Concentrations of dye
remaining were measured at 30, 60 90 and 120 minutes, and
then at hourly intervals. The rate was calculated assuming rst
order kinetics (eqn (2)) which have been shown to t well for
photodecolourisation of certain dyes including MB (in air).61 In
all cases a linear relationship was observed for ln(C/C0) against
time.
ln(C/C0) ¼ k0t (2)
(C ¼ concentration at time t, C0 ¼ initial concentration, t ¼
time, k0 is the composite rate constant).
The combination of light with a semiconductor, leads to the
promotion of redox reaction which take part on the surface of
the semiconductor. In particular, the electronic structure of a
photocatalyst consists of a lled valence band (VB) and the
empty conduction band (CB). When the photocatalysts are
irradiated with light energy greater than their bandgap (Eg),
electrons are excited from the VB into CB leaving holes in the
VB. The generated electron–hole pairs can (i) independently
migrate to the surface to take part in redox reaction utilised for
decomposition of various organic compounds, bacteria, etc., (ii)
be shallow or deep trapped, or (iii) recombined together to giveFig. 9 First order rate constant of nanopowders (samples 1–13) for the
decolourisation of MB (rate constant of as-prepared samples ¼
hatched).
This journal is © The Royal Society of Chemistry 2014
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View Article Onlineoﬀ energy in form of the heat. It is know that photocatalytic
properties are dependent on certain parameters including light
intensity, MB and photocatalyst concentration. Recent exam-
ples include the photocatalytic activities of ZnO catalyst doped
with P were the authors reported the superior photocatalytic
activity of these materials attributed to their nanocomb
morphologies and increased surface defects.62 Furthermore,
ZnO–ZnS nanosheets, are known to form surface complexes,
have a narrower bandgap and consequently, are photocatalyti-
cally active for the degradation of methylene blue under visible
light irradiation.63 In other cases, by utilising coupled semi-
conductors as in the Zn–Ti–O photocatalyst material the
recombination of charge carries generated upon irradiation is
decreased greatly as there is greater charge separation. This is
done by the transfer of exciting electron from the conduction
band of ZnO to the conduction band of TiO2 and the transfer of
the generated the hole from the valence band of TiO2 to the
valence band of ZnO, thus increasing the lifetime of the charge
carriers.2,9–11
By comparing the diﬀraction patterns (Fig. 3) to the rates
shown in Fig. 9 it can be seen that the samples with very low
rates of decolourisation, i.e. samples 4 (75 : 25), 5 (70 : 30) and 6
(60 : 40) had XRD patterns containing very broad indistinct
peaks, suggesting the samples with an apparent lower crystal-
linity had lower activity. From sample 7 (50 : 50) to 13 (0 : 100),
the photocatalytic activity was amongst the highest of the as-
prepared Ti–Zn–O binary nanopowder mixtures. All these
samples showed a sharp transition at the bandgap with a higher
UVA absorption and had a ZnO structure (as revealed from XRD
patterns). The additional absorption could contribute to the
higher activity. Additionally, surface oxygen deciencies seen in
the XPS spectra of samples with high Zn content (samples 8–13)
can act as capture centres for photo-excited electrons and
reduce recombination, enabling surface absorbed OH to form
hydroxyl radicals that can take part in photocatalytic reac-
tions.64 The photocatalytic activity of sample 8 (40 : 60) was
greater than that of sample 7, which could be due to increased
crystallinity and increased UV absorbance. Samples 9 (30 : 70)
and 10 (25 : 75) showed a lower activity than sample 8 and there
is a corresponding reduction in the UV absorbance for these
samples. For the heat-treated samples (solid bars), in most
cases, a decrease in photocatalytic activity was observed in
comparison to the corresponding as-prepared materials
(hatched bars). The heat-treatment generally introduced a
phase composition change followed by a decrease in surface
area. For example, the heat-treated sample 1a was transformed
from anatase to a rutile phase TiO2 (as conrmed from XRD
patterns) process of which will have caused decrease in specic
surface area. Some reports have shown that rutile can be less
active than anatase and its photocatalytic activity is oen found
to be dependent on the number of surface active sites.2 There-
fore, it is expected that a reduction in the surface area and the
increase in particle size due to heating as well as the trans-
formation to rutile will reduce the photocatalytic activity
compared to the as-prepared sample.
Sample 2a–5a all exhibited lower photocatalytic activities
than the corresponding as-prepared samples. This is likely to beThis journal is © The Royal Society of Chemistry 2014due to the change from anatase to rutile and decreasing specic
surface area. Sample 6a had a higher activity than the corre-
sponding as-prepared sample. The as-prepared sample 6
appeared to be amorphous (as revealed from XRD data) and was
expected to show an increase in crystallinity with heat-treat-
ment (and consequently an increase in photocatalytic activity).
Like samples 2a–5a, sample 6a is a mixture of rutile and ZnTiO3
phase, which suggests the increased crystallinity could lead to
an increase in the photocatalytic activity compared to the orig-
inal sample, however, the activity is still relatively low. The
activity of sample 8a (pure zinc orthotitanate) exhibited the
lowest activity in comparison to all as-prepared and heat-treated
samples, which suggests that Zn2TiO4 made via this method
was photocatalytically inactive. However, in samples 9a–12a,
which are mixtures of ZnO and Zn2TiO4, revealed high rates of
photodecolourisation towards methylene blue. The activity of
heat-treated pure ZnO sample (13a) was lower than sample 12a
($50%) and pure ZnO before heat-treatment (as-prepared
sample 13). Further, a general increase in photocatalytic activity
was observed from sample 9a to 12a. This coincides with the
coupling of Zn2TiO4 and ZnO phases, possibly giving enhanced
electron–hole separation as a consequence of the two diﬀerent
phases. Additionally, the UV-Vis absorption proles of samples
8a–12a were similar in appearance to those for sample 13 and
13a (ZnO like). The bandgap values were between 3.22–3.24 eV
assuming a direct transitions (see ESI†). The exact positions of
the conduction and valence band are as yet undetermined but
they may allow eﬃcient charge transfer between the two inti-
mately mixed materials that suppresses recombination.
4. Conclusions
A continuous hydrothermal ow synthesis method was
successfully used for the synthesis of mixtures of (anatase) and
ZnO (wurtzite) nanomaterials directly in a single step method.
By varying the precursor ratios in the CHFS system, a wide range
of compositions including solid solutions were accessed
directly. A high resolution powder diﬀraction facility at Dia-
mond was employed to obtain high – quality data in a rapid and
time eﬃcient manner. The CHFS approach enabled the
production of complete range of Ti–Zn oxide nanomaterials in a
rapidmanner with particle size ranging from 66 nm (ZnO) to 4.9
nm (TiO2), all of which generally exhibited high surface areas.
Additionally, a high solid solubility of up to ca. 25% of Zn in the
anatase lattice was observed for the as-prepared nanomaterials.
The transition from anatase to wurtzite as the main phase is
also seen in changes in the bandgap and BET surface area
values. The as-prepared Ti–Zn–O binary nanopowders all dis-
played an ‘averaged’ bandgap value between that of TiO2 and
ZnO. The UV absorption proles gradually varied across the
samples and the as-prepared sample containing Ti : Zn ratio of
40 : 60 displayed better broad spectrum of UVA and UVB
absorption. The intimately mixed of Ti–Zn–O nanopowders
produced by CHFS were heat-treated to form zinc titanates. The
photocatalytic activity varied with the Ti : Zn ratio and highest
photocatalytic activities in the as-prepared samples were found
for the pure crystalline anatase and zinc oxide structures. TheRSC Adv., 2014, 4, 31799–31809 | 31807
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View Article Onlinephotoactivity also varied depending on the crystallinity and the
absorbance as well as the structure and surface area. For the
heat-treated powders, the ZnO and Zn2TiO3 mixtures displayed
high activity, which may be of interest for UV photocatalysis
applications. The highest activity was observed when the as-
prepared sample containing a Ti : Zn ratio of ca. 10 : 90 that was
heat-treated to form a phase mixture of ZnO and Zn2TiO4. In
conclusion, the CHFS route allowed the production of nano-
materials with improved particle properties, such as small
particle size, high surface area, high crystallinity and with
unusual phase stability in addition to tunable optical
properties.
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